Tyrosinase is a multifunctional oxidase that is widely distributed in nature. It is a key enzyme in melanin biosynthesis and is involved in determining the color of mammalian skin and hair. In addition it is responsible for the undesirable enzymatic browning that occurs in plant-derived foods, limiting the shelf -life of fresh-cut products with the resultant economic loss. In recent years there has been considerable interest to study the inhibitory activity of tyrosinase and a number of inhibitory compounds derived from natural sources or partly/fully synthetic have been described. However, the current conventional methods to control tyrosinase action are inadequate. Considering the significant industrial and economic impact of the inhibitors of tyrosinase, this study was set to seek new potent inhibitors of this enzyme. A series of 3-hydroxypyridine-4-one derivatives were prepared in high yield and evaluated for their inhibitory activity on tyrosinase enzyme using dopachrome method. Our results show that all synthesized compounds have inhibitory effect on tyrosinase activity for the oxidation of L-DOPA. Among compounds studied those containing two free hydroxyl group (ie Va and V'a) were more potent than their analogues with one hydroxyl group (ie Vb and V'b). Also substitution of a methyl group on position N 1 of the hydroxypyridinone ring seems to confer more inhibitory potency.
INTRODUCTION
Melanin is a dark pigment produced by the skin cells in the innermost layer of the epidermis. Melanin plays an important role in protecting human skin from the harmful effects of UV radiation from the sun. Melanin also determines our phenotypic appearance. Although melanin has mainly a photoprotective function in human skin, the accumulation of an abnormal amount of melanin in parts of the skin resulting in more pigmented patches might become an esthetic problem. In addition, the enzymatic browning that occurs on the cut surface of fresh fruits and vegetables can limit the shelf-life of the products and affect their quality which is undesirable. Hyperpigmentation in human skin and enzymatic browning in fruits is both undesirable (1) . Melanogenesis has been defined as the entire process leading to the formation of dark macromolecular pigments, i.e., melanin (2) . Melanogenesis is initiated with the first step of tyrosine oxidation by tyrosinase. When the skin is exposed to UV radiation, the formation of abnormal melanin pigment occurs, which constitutes a serious esthetic problem that is particularly prevalent in middle-aged and elderly individuals (3, 4) .
Tyrosinase (EC 1.14.18.1) is a coppercontaining enzyme that catalyzes two distinct reactions of melanin biosynthesis : the hydroxylation of tyrosine to 3,4- 234 undergoes a non-enzymatic cyclization to leukodopachrome, which is further oxidized non-enzymatically by another molecule of odopaquinone to yield dopachrome and one molecule of regenerated L-DOPA (5) (6) (7) . Tyrosinase exists widely in plants and animals tissues, and is involved in the formation of melanin pigments (8) (9) (10) . Tyrosinase is also linked to Parkinson's and other neurodegenerative diseases, oxidizing excess dopamine to produce dopamine quinones, highly reactive species which induce neural damage and cell death (11) .
Many candidate inhibitors are examined in the presence of tyrosine or DOPA as the substrate. The inhibitory activities of these compounds are expressed in terms of dopachrome formation. Thus, experimentally observed inhibitors of tyrosinase activity can fall into six categories as described by Chang (12) . Among these only two groups of compounds actually bind to the enzyme and inhibit its activity and therefore are regarded as specific or "true inhibitors," of tyrosinase. These include:
1. Suicide substrates or specific tyrosinase inactivators such as mechanism-based inhibitors. These can be catalyzed by tyrosinase and form covalent bond with the enzyme, thus irreversibly inactivating the enzyme during catalytic reaction. They inhibit tyrosinase activity by inducing the enzyme to catalyze "suicide reaction." 2. Specific tyrosinase inhibitors such as polyphenols, benzaldehyde and benzoate derivatives, long-chain lipids and steroids. These compounds reversibly bind to tyrosinase and reduce its catalytic capacity.
Inhibitory strength is the primary criterion of an inhibitor. The strength of an inhibitor is usually expressed as the inhibitory IC 50 value, which is the concentration of an inhibitor needed to inhibit half of the enzyme activity in the tested condition. However, the IC 50 values for the tyrosinase inhibitors in the literature are incomparable due to the varied assay conditions, including different substrate concentrations, incubation times and different batches of commercial tyrosinase. Fortunately, in most studies conducted to describe new tyrosinase inhibitors, a well-studied tyrosinase inhibitor such as kojic acid (KA) is often used as a positive standard at the same time (13) .
KA, a fungal metabolite, acts as a good chelator of transition metal ions such as Cu +2 and Fe +3 and is a scavenger of free radicals (14) . It is currently applied as a cosmetic skinlightening agent and is used as a food additive to prevent enzymatic browning (15) . KA shows a competitive inhibitory effect on the monophenolase activity and a mixed inhibitory effect on the diphenolase activity of mushroom tyrosinase (16, 17) . However, its use in cosmetics has been limited, because of the skin irritation caused by its cytotoxicity and also instability during storage.
Therefore, the development of novel, potent, non-toxic and stable tyrosinase inhibitors is of great importance in the medical, cosmetic and agricultural fields (18) . Hence, this study was set to synthesize some derivatives of iron and copper chelating 3hydroxypyridinone and to assess their inhibitory effect on the tyrosinase enzyme activity. We speculated that by increasing the chelating capacity of KA its inhibitory activity will increase accordingly, thus, selected the compounds described herein.
MATERIALS AND METHODS

Materials and instrumentation
All chemicals used for the synthesis of compounds were supplied by Merck or Sigma. Melting points were determined using a Mettler capillary melting point apparatus and are reported uncorrected. The FT-IR and IR spectra were recorded with a Latronics WQF-510 Ratio Recording FT-IR spectrometer and a PERKIN-ELMER 1420 Ratio Recording Infrared spectrometer as KBr disc (γ, cm-1) respectively. The 1 H-NMR spectra (DMSO-d 6 ) were recorded using a Bruker 400 MHz spectrometer. Chemical shifts (δ) are reported in ppm downfield from the internal standard tetramethylsilane (TMS). The tautomer ratio was calculated using the peak area ratio observed in NMR spectra. The inhibitory effect of compounds on tyrosinase was recorded by micro titer plate reader (Stat Fax 3200. USA). The purity of the compounds was checked by thin layer chromatography (TLC)
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Novel kojic acid derivatives: Anti-tyrosinase copper chelators 235 on silica gel plate using chloroform and methanol as solvent. The procedure for the synthesis of the desired compounds is depicted in Fig. 1 .
Synthesis of 5-(benzyloxy)-2-(hydroxymethyl)-4H-pyran-4-one (I)
KA (25.34 g, 0.178 mol) was dissolved in 200 ml of methanol. Then, 7.08 g (0.177mol) of sodium hydroxide (dissolved in 10 ml of water) and 20.3 ml (0.177 mol, 22.36 g) of benzyl chloride were added to the reaction mixture. The mixture was refluxed in an oil bath and the progress of the reaction was monitored by TLC (in 3:1 chloroform/ methanol solvent system) every 1 h. Reaction was completed after 6 h. The mixture was evaporated in vacuum and an oily dark brown substance was obtained. This was dissolved in 250 ml of dichloromethane and washed three times with 100 ml of water and once with 150 ml of 5% (W/V) Sodium hydroxide solution. The organic phase was collected, dried over Na 2 SO 4 and solvent evaporated in vacuo. The brown solid, solvent evaporated in vacuo. The brown solid, remained after evaporation, was dissolved in ethanol and recrystallized as white and clear needles of compound I. The crystals were dried in vacuo at 40ºC for 12 h (19) .
Synthesis of 5-Benzyloxy-2-(hydroxymethyl)pyridin-4(1H)-one (IIa)
25 g (0.108 mol) of compound I was dissolved in 100 ml of methanol and 150 ml of 30% aqueous solution of ammonia was added. The mixture was refluxed in an oil bath and the progress of the reaction was monitored by TLC (in 3:1 chloroform/methanol solvent system). Because ammonia is a volatile gas, 250 ml of 30 % ammonia solution was added by a dropping funnel during the reflux course. The reaction was completed after 18 h. The mixture was evaporated in a rotary evaporator to obtain a pale brown solid residue. The resulted solid was recrystallized from ethanol/ether to afford compound II. The crystals were dried in vacuo at 40ºC for 12 h (20 
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Synthesis of 5-(benzyloxy)-2-(hydroxymethyl)-1-methylpyridin-4(1H)-one (IIb)
Compound I (25 g, 0.108 mol) and methylamine (10.05 g, 0.324 mol) were reacted as described for IIa to give IIb as a pale yellowish crystalline solid.
Synthesis of 5-(benzyloxy)-4-oxo-1,4-dihydro pyridine-2-carbaldehyde (IIIa)
10 g (0.043 mol) of compound IIa was dissolved in 500 ml of 1,4-dioxan and the mixture was heated in an oil bath to boiling. Then 70 g of MnO 2 was added and the reflux continued. Progress of the reaction was monitored by TLC (in 3:1 chloroform /methanol solvent system) every 30 min. The reaction was completed after 90 min. After cooling at room temperature the reaction mixture was filtered by sintered glass and MnO 2 was separated. The separated MnO 2 was washed 3 times with 100 ml of boiling 1,4dioxan. The filtrate solution was evaporated in vacuo and a pale brown solid compound was obtained. This solid was recrystallized in methanol/ether and opaque and cream colored crystals were obtained. The resulted crystals were dried in vacuo at 40ºC for 12 h (21).
Synthesis of 5-(Benzyloxy)-1-methyl-4-oxo-1,4 -dihydropyridine-2-carbaldehyde (IIIb)
Compound IIb (10 g, 0.041 mol) and 150 ml of 1,4-dioxan were reacted as described for IIIa to afford IIIb as a yellowish crystals.
Synthesis of 5-Benzyloxy-2-[(2-hydroxy phenyl imino)methyl]pyridin-4(1H)-one (IVa)
1.5 g (6.5 mmol) of compound IIIa was dissolved in 30 ml of chloroform and 10 ml of ethanol-2-aminophenol (6.5 mmol, 0.71 g) was added. The mixture was then refluxed and the progress of the reaction was monitored every 30 min by TLC (in 3:1 chloroform/methanol solvent system). The reaction was completed within 90 min. The product was collected by filtration, washed with chloroform and then recrystallized in methanol/ether to give a yellowish crystals. The obtained compound was dried in vacuo at 40ºC for 12 h.
Synthesis of 5-Benzyloxy -2 -[( phenylimino) methyl] pyridin-4(1H)-one (IVb)
Compound IIIa (1.5g, 6.5 mmol) and aniline (6.5 mmol, 0.60 ml) were reacted as described for IVa to obtain IVb as a white crystalline solid.
Synthesis of 5-Benzyloxy
Compound IIIb (2 g, 8.2 mmol) and 2aminophenol (8.2 mmol, 0.90 g) were reacted as described for IVa to give IV'a as yellow crystals.
Synthesis of 5-Benzyloxy -2-[(pheny limino) methyl]-1-methylpyridin-4(1H)-one (IV'b)
Compound IIIb (2 g, 8.2 mmol) and aniline (8.2 mmol, 0.75 ml) were reacted as described for IVa to afford IV'b as white crystals.
Synthesis of 5-hydroxy
56 mmol) of compound IVa was dissolved in 100 ml of absolute ethanol. Then 5.00 g of 10 % palladium/charcoal was added. Hydrogen gas was bubbled into the reaction mixture using a balloon connected to the reaction vessel. The mixture was shaken vigorously at room temperature for 30-60 min. When the reaction was completed, palladium/ charcoal was collected by filtration and washed 3 times by ethanol. The solvent was evaporated under reduced pressure to obtain a brown solid. The resulted solid was recrystallized from ethanol/ether to give yellowish crystals which were dried in vacuo at 40ºC for 12 h.
Synthesis of 5 -hydroxy -2-[(phenylimino) methyl] pyridin-4(1H)-one (Vb)
(0.500 g, 1.65 mmol) of compound IVb and 0.500 g of 10% palladium/charcoal were reacted as described for Va to obtain Vb as a pale crystalline solid.
Synthesis of 5-hydroxy-2-[(2-hydroxyphenyl imino)methyl]-1-methylpyridin-4(1H)-one (V'a)
(0.500 g, 1.50 mmol) of compound IV'a and 0.500 g of 10% palladium/charcoal were reacted as described for Va to give V'a as a yellowish crystal.
Synthesis of 5 -hydroxy -2 -[(phenylimino) methyl]-1-methylpyridin-4(1H)-one (V'b)
(0.500 g, 1.58 mmol) of compound IV'b and 0.500 g of 10% palladium/charcoal were reacted as described for Va to give V'b as a white crystalline solid.
Enzymatic assay for measurement of tyrosinase inhibition
The dopachrome method described by Iida and coworkers (22) , was employed with slight modifications. Briefly, 120 µl of phosphate buffer (20 mM, pH 6.8), 2 unit of mushroom tyrosinase (40 µl, 48 U/ml) and 20 µl of the inhibitor solution were placed in the wells of a 96-well micro titer plate. After pre-incubation for 10 min at 25°C, 20 µl of L-DOPA (0.85 mM) was added and the plate was further incubated at 25°C for 20 min. Subsequently the absorbance of dopachrome was measured at 492 nm using a micro titer plate reader (Stat Fax 3200, USA). KA and phosphate buffer were used instead of the inhibitor solution as positive and negative tyrosinase inhibitor control respectively. The extent of inhibition by the test compounds was expressed as the percentage of concentration necessary to achieve 50% inhibition (IC 50 ). The percentage of tyrosinase inhibition was calculated as follow:
Inhibitory activity (%) = [(A c -A t )/ A c ] × 100
where, A c is the absorbance of the negative control and A t is the absorbance of the test compound.
RESULTS
Chemistry
The synthesis routes of 5-hydroxy pyridinone-4-one derivatives are summarized in Fig. 1 . Treatment of KA (5-Hydroxy-2-(hydroxymethyl)-4H-pyran-4-one) with benzyl chloride resulted the protected form of this molecule (I) which was then reacted with ammonia or methyl amine to produce the corresponding pyridin-4(1H)-one derivatives (IIa,b). Oxidation of these alcohols with activated manganese (IV) oxide in dioxane afforded the desired aldehydes (IIIa,b). These prepared aldehydes were used as intermediates for the preparation of some 5-hydroxy pyridine-4-one derivatives containing appropriate moieties for stabilizing the radical species which would be formed from the reaction of these compounds with free radicals. Thus, IIIa and IIIb were reacted with aniline or 2aminophenol to afford the desired final compounds after debenzylation of the 5benzyloxy group of the obtained molecules.
Tautomerization occurs in compounds IIIa , IVa and IVb which posses a hydrogen atom attached to nitrogen ring of hydroxy pyridinone-4-one. In this case the electron lone pair of nitrogen takes part in hydrogen movement in pyridinone ring in that a hydrogen atom is transferred from nitrogen to the carbonyl group .
The existence of tautomerism in this type of compound was confirmed by 1 H-NMR spectra. In such cases, each type of hydrogen in compounds IIIa, IVa and IVb appears as two (or more) different signals. Obviously, 1 H-NMR spectra include two separate signals for any hydrogen belonging to each of the two types of tautomers. The calculated integral values of the two signals are not necessarily equal because of the unequal ratio of tautomers.
These compounds were revealed to be mixtures of two tautomers as shown in Fig. 2 . The structures of all compounds were confirmed by FTIR, 1 HNMR. 
5-(benzyloxy)-2-(hydroxymethyl)-4H-pyran-4one (I)
5-(benzyloxy) -4 -oxo -1, 4-dihydropyridine-2carbaldehyde (IIIa)
Opaque 
5-Benzyloxy -2-[( 2-hydroxy pheny limino) methyl]-1-methylpyridin-4(1H)-one (IV'a)
Yellow 
5-Benzyloxy-2-[(phenylimino)methyl]-1-methy lpyridin -4(1H)-one (IV'b)
White crystal; yield 71% ; m.p. 184-185ºC; IR (KBr) cm 
Enzymatic assay for inhibition of tyrosinase activity
Among the many known inhibitors of tyrosinase, KA has been intensively studied.
KA shows a competitive inhibitory effect on the monophenolase activity and a mixed inhibitory effect on diphenolase activity of mushroom tyrosinase (24) . Therefore, KA was used as the standard inhibitor of tyrosinase for comparison purposes.
In this study, the effect of KA and its derivatives (Va, Vb, V'a, V'b) on the inhibition of tyrosinase activity was measured at inhibitor concentrations of 0.1, 0.2, 0.3, 0.4 and 0.5 mM and data are shown in Fig 5. From the experimental data it appears that all of the synthesized compounds have inhibitory effect on tyrosinase activity for the oxidation of L-DOPA, although KA is stronger than other synthesized compounds.
The calculated IC 50 values are reported in Table 1 . It appears that the potency of inhibitory activity of compounds to be in the order of KA> V'a> Va> V'b> Vb 
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Novel kojic acid derivatives: Anti-tyrosinase copper chelators 241 When L-DOPA solution was incubated with tyrosinase at 25°C, its color turned to red-brown because of the formation of dopachrome. In the presence of KA and its derivatives the color intensity of the solution became faint as the result of enzyme activity inhibition.
DISCUSSION
Our results indicated that compounds with polarity lower than that of KA show lower inhibitory effect on tyrosinase activity. Compounds Va, Vb, Va' and Vb' contain 2hydroxyphenylamino or phenylamino substituent on the C-2 position of the pyridinone ring that results in a reduction in the hydrophilicity and hence a decrease in the inhibitory activity compared to the original compound. This mean that a bulky moiety attached to KA may hinder its approach to the active site of tyrosinase.
In consideration of our results, free hydroxyl group at the C-3 and C'-2 positions of the inhibitor seems to be the most important factor for the inhibition of tyrosinase activity. Similarly it has been reported that a hydroxyl group at the C-3 and C-4 positions in flavonoids is the most important factor for their tyrosinase inhibitory activity (25) . Miyazawa and coworkers reported that the presence of hydroxyl groups at the C-6 and C-7 positions of coumarin skeleton plays an important role in the expression of tyrosinase inhibition (26) . Also, the additional hydroxyl group in quercetin caused it to be a more potent tyrosinase inhibitor than kaempferol (27) .In addition the study on the potency of tyrosinase inhibition of chalcones has been shown that the number of hydroxyl groups and their location was the most important factor in their efficacy (24) . From these results, we conclude that hydroxyl moiety seems to be an effective functional group for the inhibition of tyrosinase.
Hence, amongst the compounds synthesized in this study, Va and V'a were more potent than Vb and V'b because they had two free hydroxyl groups in their structure compared to the latter that have only one hydroxyl group.
Furthermore, the presence of a methyl group substitute at position N 1 of the hydroxypyridinone ring (ie V'a and V'b) caused a stronger tyrosinase inhibitory effect. The reason for this inductive effect of methyl group is probably that it pushes more electrons to the oxygen atom attached to the C-4 position of the ring making it a better ligand for the copper chelating in the active site of the enzyme.
CONCLUSION
Our result showed that all synthesized compounds had inhibitory activity on tyrosinase. It seems that the presence of free hydroxyl group confers more inhibitory potency in that compounds Va and V'a containing two free hydroxyl groups were more potent than Vb and V'b containing one hydroxyl group. In addition compounds that had a methyl group substitute on position N 1 of the hydroxypyridinone ring (ie V'a and V'b) were more potent than those without the substitute.
